Abstract. The suite of operational fire-weather indices available for assessing the atmospheric potential for extreme fire behaviour typically does not include indices that account for atmospheric boundary-layer turbulence or wind gustiness that can increase the erratic behaviour of fires. As a first step in testing the feasibility of using a quantitative measure of turbulence as a stand-alone fire-weather index or as a component of a fire-weather index, simulations of the spatial and temporal patterns of turbulent kinetic energy during major recent wildfire events in the western Great Lakes and northeastern US regions were performed. Simulation results indicate that the larger wildfires in these regions of the US were associated with episodes of significant boundary-layer ambient turbulence. Case studies of the largest recent wildfires to occur in these regions indicate that the periods of most rapid fire growth were generally coincident with occurrences of the product of the Haines Index and near-surface turbulent kinetic energy exceeding a value of 15 m 2 s −2 , a threshold indicative of a highly turbulent boundary layer beneath unstable and dry atmospheric layers, which is a condition that can be conducive to erratic fire behaviour.
Introduction
Daily 24-72-h fire-weather predictions for different regions of the US are now readily available from the regional Fire Consortia for Advanced Modelling of Meteorology and Smoke (FCAMMS) (http://fcamms.org, accessed 12 March 2010) that were established as part of the US National Fire Plan (USDA Forest Service 2002). These predictions are based on daily simulations of atmospheric conditions and fire-weather indices over specific modelling domains using the fifth generation Penn State University (PSU)-National Center for Atmospheric Research (NCAR) mesoscale model (MM5) (Grell et al. 1994) . The MM5 has been evaluated and used extensively for research and operational weather and air-quality forecasting activities in the US and internationally since its development (e.g. Manning and Davis 1997; Reisner et al. 1998; Colle et al. 1999 Colle et al. , 2000 Colle et al. , 2003a Colle et al. , 2003b de Arellano et al. 2001; Chien et al. 2002; Zhong and Fast 2003; Zhong et al. 2005; Byun and Schere 2006) . Included in the suite of fire-weather indices provided by the FCAMMS are many operational-type indices that are calculated based solely on the non-turbulent state of the atmosphere (e.g. Haines Index (HI) (Haines 1988) , Ventilation Index (VI) (Ferguson et al. 2001 ), Fosberg Index (FI) (Fosberg 1978) ). However, atmospheric turbulence (e.g. wind gustiness) can also influence the behaviour of fires and the transport and diffusion of heat, moisture and gases in fire environments. With the development and application of new state-of-the-art atmospheric mesoscale, boundary-layer and coupled fire-atmosphere models and the deployment of sophisticated instrumentation for monitoring turbulence regimes within and in the vicinity of actual burn events, it is now possible to begin examining the role of ambient atmospheric turbulence and its interaction with fire-induced turbulence in affecting fire behaviour. For example, previous modelling studies such as Heilman (1994) , Linn et al. (2002 Linn et al. ( , 2007 , Linn and Cunningham (2005) , Mell et al. (2007) , Cunningham et al. (2005) , Coen (2005) , Clark et al. (2004) , Jenkins (2002) and Sun et al. (2006) have shown the importance of small-scale atmospheric processes at spatial and temporal scales relevant to atmospheric turbulence in affecting local fire behaviour and fire-atmosphere interactions. The recent observational studies of Clark et al. (1999) , Coen et al. (2004) and Clements et al. (2006 Clements et al. ( , 2007 Clements et al. ( , 2008 have also provided valuable insight into the turbulence regimes that exist in fire environments.
One particular turbulence variable or index that has been studied extensively in the context of fundamental boundary-layer dynamics, and to a lesser extent in the context of wildland fires, is turbulent kinetic energy (TKE) (Mellor and Yamada 1974) . Turbulent kinetic energy is defined as the kinetic energy per unit mass associated with eddies in turbulent flow. The generation and dissipation of TKE are dependent on the amount of ambient wind shear present and the stability (buoyancy) within an atmospheric layer. Although previous modelling and observational studies have provided valuable insight into TKE production, dissipation, transport and evolution under different surface and mean atmospheric conditions, the efficacy of TKE as an indicator or predictor of how conducive the atmospheric boundary layer will be to extreme or erratic fire behaviour has not been tested. The availability of predictions of TKE from the FCAMMS MM5-based fire-weather simulations, using level 2.5 of the Mellor-Yamada turbulence hierarchy (Mellor andYamada 1974 , 1982 Gerrity et al. 1994) , provides an opportunity to examine the prevalence of significant ambient boundary-layer turbulence during major wildland fire events and the feasibility of using TKE in some fashion as an atmospheric indicator of potential erratic fire behaviour. This paper is a first step in examining the utility of using boundary-layer turbulence, as measured by TKE, for assessing the atmospheric potential for extreme or erratic fire behaviour. Output from the FCAMMS-Eastern Area Modelling Consortium (EAMC) MM5 fire-weather predictions is used to examine the temporal and spatial evolution of TKE during previous wildfire events in the north central and north-eastern US and the relative significance of boundary-layer turbulence in contributing to wildfires of different sizes in these regions.
Turbulent kinetic energy description
While atmospheric conditions and variables such as stability, mean wind speeds and moisture concentrations in atmospheric layers within and above the boundary layer can influence fire behaviour, turbulent atmospheric circulations (i.e. wind gusts) within the boundary layer can also create an environment conducive to erratic fire behaviour. Wind gusts are manifestations of turbulent eddies generated by wind shear and buoyancy effects, which can be very large in the boundary layer. The amount of energy in these turbulent eddies is defined as TKE, and is given by 0.5q 2 where
and u 2 , v 2 and w 2 are the variances of the perturbation (turbulent) velocities in the horizontal x, horizontal y and vertical z directions respectively. Large vertical wind shears under thermally unstable (convective) conditions lead to a highly energetic turbulence regime (i.e. large TKE values), whereas a thermally stable environment will tend to suppress any turbulence generated by mechanical wind shears and produce more laminar-type flows (low TKE values). Irrespective of the enhanced atmospheric turbulence generated by buoyancy and wind shears associated with a fire, an already highly turbulent atmospheric boundary layer can contribute to even more erratic fire behaviour through interactions between the fire-induced and ambient boundary-layer turbulence regimes. Simulations and predictions of TKE are possible in many of the current research and operational atmospheric mesoscale and boundary layer numerical models, including MM5. Turbulent kinetic energy can be simulated and predicted using the level-2.5 closure scheme from Yamada (1974, 1982) given by ∂ ∂t
where the terms on the left side of the equation represent the local-time rate of change of TKE, the advection of TKE by the three-dimensional mean wind V and the vertical diffusion of TKE (parameterised in terms of diffusion coefficient K q ). The terms on the right side of the equation represent the production of TKE through vertical wind shear effects (P s ), the production or dissipation of TKE through buoyancy effects (P b ) and the nonbuoyant dissipation of TKE (ε) via the breakdown of turbulent eddies into smaller and smaller sizes. The production (P s ) of TKE through vertical wind shear effects is given by
and the buoyant production or dissipation (P b ) of TKE is given by
where g is the acceleration due to gravity, u and v are the horizontal components of the mean wind, θ v is the virtual potential temperature, and u w , v w and θ v w are the vertical turbulent fluxes of momentum and heat. The MM5 mesoscale model used in this study includes the Yamada (1974, 1982 ) TKE formulation and is described in more detail by Gerrity et al. (1994) . Unlike other fire-weather indices such as the HI, FI and VI, which can all be easily computed from surface or radiosonde observations or from numerical model output, TKE as a potential fire-weather index has not been used extensively because it is fairly complex and is rarely, if ever, included in the suite of fire-weather variables made available to fire managers. However, the increasing availability and delivery of TKE predictions from research and development groups like the FCAMMS have now made it possible to assess the significance of ambient atmospheric turbulence before, at the onset of and during wildland fires. It is through this assessment that the effective use of TKE alone or in combination with other fire-weather indices as an additional atmospheric indicator of potential erratic fire behaviour can be tested.
Methods

Study area
Daily fire-weather predictions from the EAMC MM5 simulations incorporate four spatial domains covering the continental US, the eastern US, the western Great Lakes region and the New England states, with corresponding MM5 horizontal gridpoint spacings of 36, 12, 4 and 4 km respectively (Fig. 1) . For this study of atmospheric TKE during wildland fires, the spatial domains covering the western Great Lakes region and the New England states were chosen to take advantage of the higherresolution MM5 output data available in these areas. The western Great Lakes region includes the states of Minnesota, Wisconsin, Michigan and the northern portions of Iowa, Illinois, Indiana and Ohio. The New England region includes all the states from the southern half of Maine south-westward to the northern portions of Virginia and West Virginia.
Fire occurrence data
Wildland fire data for the period of 1 January 2005-31 May 2007 were obtained from the Geospatial Multi-Agency Coordination (GeoMAC) internet-based mapping tool for displaying current and past wildfire locations and ancillary data associated with each fire (http://geomac.usgs.gov/, accessed 11 March 2010). Fire names, fire locations (state, latitude and longitude), fire start and end dates and total acres burned were recorded for all reported wildland fires in GeoMAC that burned 0.4047 km 2 (100 acres) or more within the previously defined western Great Lakes and New England spatial domains. A total of 104 wildfires were noted that met these fire size and fire location criteria. Tables 1 and 2 provide a listing of the wildfires used in this study, grouped by fires that burned 4.047 km 2 (1000 acres) or more (hereafter referred to as large fires) and fires that burned less than 4.047 km 2 (1000 acres) (hereafter referred to as small fires) respectively. The fire occurrence data compiled for this study were limited in that most of the data did not include observed incremental rate of growth information, which can be used as a potential indicator of extreme or erratic fire behaviour. The use of the terms 'extreme' or 'erratic' in characterising fire behaviour typically implies very high rates of fire spread, significant crowning (assuming the presence of overstorey vegetation) and significant spotting. These fire properties may lead to larger burn areas and they are all influenced by atmospheric turbulence regimes that, to a large extent, govern the thermal and dynamic environments surrounding wildfires. As incremental fire data for most of the fires included in Tables 1 and 2 were not available, final fire size was used as the basis for the initial statistical analyses carried out in this study (Results and discussion section) to assess the relative importance of ambient atmospheric turbulence in affecting the behaviour of past fires in the north central and north-eastern US.
MM5 fire-weather simulations
For each wildfire event, gridded MM5 output data and postprocessed fire-weather index data from the appropriate modelling domain and covering the duration of the event were extracted from the EAMC MM5 fire-weather prediction archive, including TKE, HI, mixing height, temperature, dew-point temperature, wind speed and wind direction data. Output data for 6-12 h before the onset of each fire were also extracted from the Heilman and Bian (2007) , the extracted EAMC MM5 fire-weather simulation data were used to compute the product of the HI and near-surface (∼10 m above ground level) TKE (HI × TKE s ) at every hour for the duration of each of the 104 wildfire events considered in this study. The HI is a measure of the instability and dryness of lower to middle tropospheric layers. Haines (1988) noted that dry and unstable air increases the probability that wildland fires with significant convective plumes (i.e. plume-dominated fires) will become large and erratic. He devised an atmospheric mesoscale type index that characterises both the stability and moisture content of specific atmospheric layers, depending on the elevation above sea level of the underlying terrain. Although the HI is frequently applied as an operational fire-weather index only when mean wind speeds in the atmospheric layers below the layer where the HI is calculated are relatively low, the 104 wildfire events considered in this study were not filtered according to mean wind speeds. Atmospheric turbulence in the lower atmosphere, whether generated primarily by strong mean wind shears or primarily through buoyancy effects, enhances the mixing of air between atmospheric layers. This enhanced mixing of the ambient air, in addition to the vertical mixing associated with convective plumes from any wildland fires that may be present, may increase the likelihood of dry, unstable and possibly high-momentum air from aloft (large HI values) mixing down to the surface and contributing to extreme or erratic fire behaviour. Combining the HI and TKE s via a simple product of the two produces a highly discriminatory index that captures those relatively rare events when both the atmospheric mesoscale environment, as quantified by the HI, and the atmospheric boundary-layer environment, as quantified by near-surfaceTKE, may lead to extreme and erratic fire behaviour.
For each wildfire event, maximum values of HI × TKE s and the dates and times of their occurrence were determined. At the date and time of each occurrence of maximum HI × TKE s values, the HI, TKE s , surface (∼2 m above ground level) Richardson number (Ri s ), mixing height, average TKE in the mixed layer and profiles of TKE and Richardson number were noted or calculated from the MM5 wind, temperature and moisture output data.Analysis of these variables provides insight into the ambient atmospheric boundary-layer turbulence regimes that can influence fire behaviour at the same time the atmospheric mesoscale environment is conducive to extreme fire behaviour, the physical mechanisms most often responsible for the generation of significant boundary-layer turbulence during major wildfire events in the north central and north-eastern US, and the characteristic spatial and temporal evolution of ambient boundary-layer turbulence during wildfire events in these regions.
Results and discussion
Summary statistics
Summary statistics for the 104 wildfires included in this study, ordered by the area burned, are shown in Tables 1 and 2 . There were 35 reported large wildfires in the western Great Lakes region and New England region during the period 1 January 2005 to 31 May 2007 (Table 1 ) and 69 reported small wildfires (Table 2 ). For the 35 large wildfire events, 13 of them (37.1%) had maximum values of HI × TKE s exceeding 15 m 2 s −2 . This threshold generally corresponds to an HI ≥ 5 and TKE s ≥ 3 m 2 s −2 and is indicative of a highly turbulent boundary layer beneath unstable and dry atmospheric layers, a condition that can be conducive to erratic fire behaviour . The five largest wildfires all had periods when maximum HI × TKE s values exceeded 15 m 2 s −2 , even though HI values at the time of maximum HI × TKE s for two of the wildfires (Warren Grove Fire, NJ; Peatland Fire, MN) were less than 5. The average (median) maximum HI × TKE s value for the 35 large wildfires was 13.889 m 2 s −2 (13.904 m 2 s −2 ), just slightly less than the specified threshold for an atmospheric environment highly conducive to erratic fire behaviour. Heilman and Bian (2007) suggests that mid-afternoon (2000 hours UTC) TKE s values typically exceed the 3-m 2 s −2 threshold approximately once every 10 days at any particular location within this domain (Fig. 1) . More comprehensive analyses of the long-term climatological patterns of hourly TKE s values over the north central and north-eastern US are required in order to fully assess how the frequency of occurrence and duration of high TKE s values during and at the location of wildfire events compares with the climatological average frequency and duration of high TKE s values at those same locations.
For the 69 small wildfires (Table 2) , only 16 of them (23.2%) had maximum HI × TKE s values that exceeded 15 m 2 s −2 . The mean maximum HI × TKE s value for these smaller wildfires was 10.965 m 2 s −2 (median = 10.052 m 2 s −2 ) whereas the mean TKE s value at the time of maximum HI × TKE s was 2.540 m 2 s −2 (median = 2.509 m 2 s −2 ). Applying Student's t-test in this case, with the TKE s distributions for the small and large wildfire groups satisfying the normality (P > 0.050) and equal variance (P = 0.943) requirements, the difference in mean TKE s values at the time of maximum HI × TKE s between the large and small wildfire groups was found to be statistically significant (t = 1.992, P = 0.049). Although there is a statistically significant difference in mean TKE s values between the two groups of wildfires, the difference in median HI values at the time of maximum HI × TKE s between the two groups is not statistically significant (Mann-Whitney rank sum test: P = 0.554). Here, the Mann-Whitney rank sum test was applied because of the discrete value characteristic of the HI and the non-normal HI distributions (P < 0.001) for the small and large wildfire groups. These results suggest that when the atmospheric mesoscale and boundary-layer environments are collectively conducive to erratic or extreme fire behaviour in the north central and northeastern US (as quantified in this case by the product of the HI and TKE s ), TKE s may be a better discriminating atmospheric indicator than the categorically based HI of whether a wildfire, if present, has the potential to become erratic and large.
The difference in mean mixing height values (1148 v. 847 m) at the time of maximum HI × TKE s between the two groupings of wildfires in Tables 1 and 2 reveals that large wildfires in the north central and north-eastern US are more likely to have higher mixing heights at the time of maximum HI × TKE s than small wildfires, although the difference in median mixing height values between the two groups (933.9 v. 761.6 m) was not statistically significant (Mann-Whitney rank sum test: P = 0.196). Here again, the Mann-Whitney rank sum test was applied because the mixing height distributions were found to be non-normal (P < 0.001). The mean and median mixing height differences between the two groupings are qualitatively consistent with the statistically significant difference in mean TKE s values between the two groups in that substantial turbulence in the boundary layer can increase overall mixing heights.
The spatial and temporal patterns of atmospheric turbulence observed in the boundary layer are the direct result of wind shear and buoyancy conditions that govern the generation and dissipation of turbulent eddies. The relative significance of wind shear v. buoyancy in contributing to ambient turbulence regimes during wildfires can be assessed via a simple Ri analysis, with Ri given by
where θ is the potential temperature, and U and V are the eastwest and north-south ambient wind components respectively. (Table 2) suggest that turbulence generation by mechanical wind shear was more prominent during the large wildfire events, though often not enough to dominate the buoyancy effects.
Individual case studies
The three most significant wildfires to occur in the north central and north-eastern US during the 2005-07 period were the Ham Lake and Cavity Lake fires in northern Minnesota and the Warren Grove fire in New Jersey (Table 1) . Each of these wildfires had periods when the product of the HI and TKE s exceeded 15 m 2 s −2 , the threshold for a highly turbulent boundary-layer beneath a dry and unstable atmospheric layer. The spatial and temporal patterns of the ambient boundary-layer turbulence regimes during these particular fires were examined in relation to the reported cumulative area burned during the fires and the mechanisms involved in generating the turbulence.
The Although observational data for the atmospheric conditions at the Ham Lake fire location are not available for model validation, a comparison of the MM5 simulations of near-surface temperatures and wind speeds with observations at Ely, MN, (available from the US National Climatic Data Center-Global Integrated Surface Hourly Database, http://www.ncdc.noaa.gov, accessed 11 March 2010) suggests that the MM5 simulations captured the overall temporal trends in near-surface temperature and wind speed, at least in the vicinity of the Ham Lake fire (Fig. 2b, c) . The cold bias in MM5-predicted near-surface temperatures (Fig. 2b) is consistent with the results of Zhong et al. (2005) in their MM5 validation study over the Great Lakes region. However, it is the vertical gradients in temperature and wind speeds that govern the generation of near-surface turbulence, as quantified by TKE s . Maximum temperatures at Ely, MN, on days 126-127 and 130-131, the same days when there were significant increases in burned area and relative maxima in HI × TKE s values at the Ham Lake fire location, were Fig. 2a correspond to the time periods over which the fire growth rates were estimated, based on available burn-area reports.
∼17 • -18
• C and 27 • -29 • C respectively. Peaks in near-surface wind speeds (8-9 m s −1 ) at Ely, MN, were also observed on those days (Fig. 2c ). Fig. 3 shows the simulated and observed vertical profiles of potential temperature and wind speed at four different times during the Ham Lake fire episode at International Falls, MN, the nearest upper-air radiosonde station to the Ham Lake fire location. Overall, the simulated potential temperature profiles and corresponding vertical gradients compared favourably with the observations (Fig. 3a, b) . The cold bias in the MM5 simulations was confined to levels below 2000 m, with upper levels showing a consistent warm bias. Although differences between simulated and observed wind speed profiles were somewhat more pronounced (Fig. 3c, d) , the wind-speed predictions by MM5 still captured the general patterns in the observed profiles. Only on 13 May 2007 at 1200 hours (day 133) did the MM5 simulation of wind speeds show considerable variation from the observations below 1000 m at the International Falls, MN, site. Fig. 4 shows the spatial patterns of the HI, TKE s and HI × TKE s at 0200 hours on day 127 (7 May 2007) when the Ham Lake fire was undergoing significant growth. This period was marked by a north-south-oriented cold front (primarily a wind-shift boundary) extending through central Minnesota, with relative humidity values less than 50% and southerly to southeasterly winds east of the cold front. Broad areas of HI = 5 (moderate atmospheric potential for extreme fire behaviour) covered Wisconsin, much of Michigan and north-eastern Minnesota where the Ham Lake fire occurred (Fig. 4a) . Maxima in near-surface atmospheric turbulence were prominent in more isolated areas in north-western Wisconsin, the western upper peninsula of Michigan, south-eastern Minnesota and over the Ham Lake fire location in north-eastern Minnesota (Fig. 4b) . The HI and TKE s patterns at 0200 hours on day 127 resulted in an HI × TKE s pattern shown in Fig. 4c . Although the HI pattern at this time suggested a moderate atmospheric potential for extreme fire behaviour in north-eastern Minnesota, extremely high HI × TKE s values (>30 m 2 s −2 ) were present at select locations in the region, including the Ham Lake fire location and along the southern shore of Lake Superior. However, no fires occurred at this time south of Lake Superior.
The second fire case study considered is the Cavity Lake wildfire, which also occurred in the Boundary Waters Canoe Area Wilderness in north-eastern Minnesota (48 • 6 diurnal variations and day-to-day trends in temperature at Ely, MN, but generally underpredicted the near-surface temperatures throughout the period (Fig. 5b ). Predicted wind speeds followed the general trend in observed wind speeds at Ely, MN, which were less than 5 m s −1 for much of period except for days 195 and 198 (Fig. 5c ).
As with the Ham Lake fire episode, the similarity in predicted and observed potential temperature and wind-speed profiles at the International Falls, MN, upper air station at a sampling of times (0000 hours and 1200 hours) during the Cavity Lake fire episode suggests that the MM5 was able to capture the overall atmospheric mesoscale conditions prevalent at those times. Fig. 6a and b reveals predicted and observed potential Fig. 5a correspond to the time periods over which the fire growth rates were estimated, based on available burn area reports. temperature profiles that were quite similar to each other, especially below 4000 m. The predicted and observed wind-speed profiles at the International Falls, MN, site showed good agreement on days 198 and 199 (17-18 July 2006) at lower and upper levels in the atmosphere (Fig. 6d) The spatial patterns of HI, TKE s and HI × TKE s at 0200 hours on day 198 (17 July 2006) during the Cavity Lake fire are shown in Fig. 7 . At this time, a thunderstorm in the vicinity of the Cavity Lake fire generated near-surface winds exceeding 26 m s −1 .
Haines Index values of 6 (high atmospheric potential for extreme fire behaviour) were common at this time throughout the western Great Lakes region, including the location of the Cavity Lake fire (Fig. 7a) . However, significant near-surface turbulence was only present in isolated areas of northern Wisconsin, south-western Minnesota and north-eastern Minnesota (Fig. 7b) . Together, the (Fig. 8b) . Maximum temperatures on days 137-140 were lower as the result of a synoptic cold front that moved eastward through the Atlantic coastal region. Predicted temperature variability was similar to the observations on days 135-137, including the timing of the passage of the synoptic cold front. As with the previous case studies, the cold bias in the MM5 predictions was prevalent in this case study also. Predicted wind speeds at the McGuire Air Force Base showed good agreement with the observations on days 135-138 when the Warren Grove fire underwent the most rapid spread, but wind speeds were somewhat overpredicted on days 139 and 140 (Fig. 8c) . Wind speeds on days 135 and 136 reached a maximum of 9.8 m s −1 at the McGuire Air Force Base, with lighter winds prevailing on days 137-140.
The nearest upper-air station to the Warren Grove fire location is located in Upton, NY. Comparisons of MM5 predictions of vertical profiles of potential temperature and wind speed with radiosonde observations at Upton, NY, suggest that MM5 was quite successful in simulating the actual thermal and dynamic structure of the atmosphere in the region of and during the Warren Grove fire event (Fig. 9) . In particular, the observed strong winds and significant vertical wind shears associated with the low-level jet below the 500-m level on days 135 and 136 (15-16 May 2007) were captured by the MM5 simulations (Fig. 9c) . These strong vertical wind shears contributed to the generation of near-surface turbulence on days 135 and 136 in the vicinity of the Warren Grove fire.
The HI and TKE s spatial patterns over the north-eastern US at 1900 hours on day 135 (15 May 2007) , approximately 1 h after W. E. Heilman and X. Bian Fig. 8a correspond to the time periods over which the fire growth rates were estimated, based on available burn area reports. Fig. 8a also includes derived HI × TKE s values from observed near-surface turbulence measurements at the Silas Little Experimental Forest flux tower.
the start of the Warren Grove wildfire (Fig. 10a, b) , indicate lower tropospheric moisture and stability conditions, as quantified by the HI, were most conducive to extreme fire behaviour near the coastal areas in the region and south of Lake Ontario, even though the atmospheric environment throughout the region was highly turbulent (TKE s > 3 m 2 s −2 ). Collectively, the HI and TKE s patterns produced an HI × TKE s pattern at this time that suggests there was a high potential for extreme and erratic fire behaviour in the same general areas where HI ≥ 5 (Fig. 10c) . The Warren Grove wildfire in east-central New Jersey was located in one of these areas.
The ambient atmospheric boundary-layer turbulence regimes that developed at the location of and during the large Ham Lake, Cavity Lake and Warren Grove wildfires were primarily the result of buoyancy and shear production of turbulence near the surface. The diffusion or advection of ambient turbulence aloft down to the surface was not a significant factor in creating the highly turbulent ambient conditions near the surface in the vicinity of these wildfires, as shown in the time-height cross-sections in Fig. 11 . The turbulence regimes associated with the relative maxima in HI × TKE s values during the Ham Lake wildfire (days 127, 130-131, 133-134, 135 and 138, as shown in Fig. 2a) were all characterised by maximum TKE at or near the surface (Fig. 11a) . Generally, the presence of any significant turbulence aloft on those days was the result of upward diffusion of turbulence from lower levels. Similarly, the turbulence regimes associated with the relative maxima in HI × TKE s values during the Cavity Lake (days 197, 198 and 200 in Fig. 5a ) and Warren Grove (days 135 and 136 in Fig. 8a ) wildfires were also characterised by maximum TKE at or near the surface (Fig. 11b, c) .
The source of the ambient near-surface turbulence during the Ham Lake, Cavity Lake and Warren Grove wildfires was primarily due to near-surface buoyancy effects. The Ri profiles shown in Fig. 12 indicate that buoyancy from the surface up to ∼100 m above the surface was the primary mechanism for generating the large TKE in the lower boundary layer when HI × TKE s values were large during these fires. Above 100 m, thermally neutral and stable conditions prevailed, resulting in Ri values greater than 0. Richardson numbers greater than 0.25, indicative of an atmospheric environment where buoyancy completely suppresses any turbulence generated by shear effects, dominated the atmospheric layers above 400-600 m.
Conclusions
We have examined the spatial and temporal patterns of simulated ambient atmospheric boundary-layer TKE during and in the vicinity of major wildfire events (burned area exceeding 0.4047 km 2 ) that occurred in the western Great Lakes and northeastern US regions over a 29-month period (1 January 2005-31 May 2007). Simulation results from the EAMC's archived MM5-based fire-weather predictions indicate that those wildfire events that burned more than 4.047 km 2 (1000 acres) were more likely to have had occurrences of maximum HI × TKE s values exceeding 15 m 2 s −2 , a threshold indicative of an atmospheric environment highly conducive to extreme and erratic fire behaviour, than for those wildfire events that burned less than 4.047 km 2 . The corresponding difference in mean TKE s values at the time of maximum HI × TKE s for the two groups of wildfire events was statistically significant whereas the difference in median HI values at the time of maximum HI × TKE s was not statistically significant. These results suggest that, at least for wildfire events in the western Great Lakes and north-eastern US regions, a near-surface turbulence-based fire-weather index may be a better discriminating atmospheric indicator of the potential for extreme and erratic fire behaviour than the HI.
The duration of individual episodes of TKE s exceeding 3 m 2 s −2 (a highly turbulent environment) during the large wildfire events considered in this study was highly variable. Some episodes of TKE s values exceeding the 3-m 2 s −2 threshold lasted (Mesinger et al. 2006) , an atmospheric and land surface hydrology dataset at 32-km resolution, which covers the 1979-present period and includes TKE and temperature and dew point temperature data for computing the HI, provides an excellent opportunity for examining the spatial and temporal patterns of TKE s and HI × TKE s over different regions of North America. As a follow-up to the present study, a NARR-based climatological analysis of lower atmospheric TKE and associated HI × TKE s patterns and trends over the US has been initiated to provide baseline-frequency climatologies for comparisons with ambient turbulence variability during actual large and small wildfire events. The generation of ambient near-surface turbulence during the wildfire events included in this study was primarily buoyancy-driven. A Richardson number analysis showed that near-surface buoyancy at the time of maximum HI × TKE s dominated mechanical wind shear effects in creating the ambient boundary-layer turbulence regimes that interacted with the wildfires, although those wildfire events that burned more than 4.047 km 2 were more often associated with larger ambient wind shears than wildfires that burned less area.
Case studies of the three largest wildfires to occur during the 1 January 2005-31 May 2007 period in the western Great Lakes and north-eastern US regions showed that the periods of highest fire growth tended to coincide with periods when HI × TKE s values exceeded 15 m 2 s −2 . Vertical profiles of ambient TKE during these wildfire events indicate that the boundary-layer turbulence regimes were characterised by maximum turbulence at or near the surface when HI × TKE s values were large. The downward transport of turbulence from higher levels in the atmosphere via advection or diffusion was not a significant factor in contributing to the significant ambient near-surface turbulence in the vicinity of the wildfires. When HI × TKE s values were large, buoyancy primarily contributed to the generation of turbulence in the boundary layer up to ∼100 m above the surface. Wind-shear effects dominated from ∼100-600 m above the surface, above which buoyancy tended to dissipate any turbulence generated by wind-shear effects.
A limiting factor encountered in this study of ambient atmospheric turbulence environments in the vicinity of wildfires was the lack of high-frequency fire growth data for comparison with simulated TKE variability during fire events. The length and time scales of turbulent eddies that make the most contributions to TKE in the atmospheric boundary layer are on the order of 10 to 100 m and 10 s to 10 min respectively (Stull 1988) . Accordingly, the interactions of these ambient turbulent eddies with wildfires and the associated turbulence regimes generated by the fires will occur at similar spatial and temporal scales. Thus, measurements of fire growth that can be used to assess the potential response of fires to ambient atmospheric turbulence regimes should ideally be made at spatial and temporal resolutions similar to the size and duration of the turbulent eddies that characterise the atmospheric boundary layer. Although that level of fire-growth monitoring is rare during actual wildfires, the recent and ongoing emphasis of in situ monitoring of fire-fuel-atmosphere interactions within experimental burns (e.g. FireFlux experiment, Clements et al. 2007 Clements et al. , 2008 Rx-CADRE experiment, O'Brien 2008) will provide much-needed high-frequency fire growth and turbulence data for assessing the relationship between near-surface ambient turbulence and the occurrence of erratic and extreme fire behaviour. The analyses described here represent a first step in assessing the association of significant atmospheric boundary layer turbulence with extreme and erratic fire behaviour and the feasibility of using TKE either alone or in combination with other indices like the HI as an indicator of how conducive the atmosphere may be to erratic fire spread. With the availability of turbulence predictions from many current high-resolution operational and research-based atmospheric mesoscale and boundary-layer models, it is now possible to incorporate turbulence-related variables like TKE into fire-weather assessments. This study suggests that model predictions of TKE and the underlying physical processes involved in generating boundary-layer turbulence regimes may provide additional tools for characterising the atmospheric potential for dangerous fire conditions, at least in the western Great Lakes and north-eastern US regions. Additional analyses of turbulence behaviour during wildfire events in other regions of the US and elsewhere are needed to assess the efficacy of boundary-layer turbulence predictions for fire-weather assessments in other geographic areas.
